The elastic properties of materials under high pressure are relevant to the understanding and performance of many systems of current interest, for example, in geology and tribology. Of particular interest is the origin of the dramatic increase in modulus with increasing pressure, a response which is also called "smart materials behavior". In this context, simple phosphate-containing materials have been studied experimentally and theoretically, and the origins of this behavior have been associated with factors such as coordination of the cations, and changes in the degree of polymerization and hydrogenation of the phosphate units. In the present paper we extend the former analysis on simple metal phosphates model compounds to so-called thermal films, an intermediate stage in the formation of effective antiwear films. Specifically, we report the equations of state and IR spectroscopy of a complex material for pressures up to 25 GPa. The material was produced by heating a commercial zinc dialkyldithiophosphate (ZDDP, a common antiwear additive in lubricating oils) in poly-α-olefin base oil solutions to 150 • C, a process known to produce the thermal films. Its structure was studied by means of X-ray diffraction and IR synchrotron radiation techniques during compression/decompression in a diamond-anvil cell. As is the case for the simple metal phosphates, we find that the thermal films are relatively soft at low pressures, but stiffen rapidly and ultimately amorphize irreversibly at high pressure. However, in addition to phase transformations involving cation sites occurring in the metal phosphates, thermal films undergo displacive transitions associated with instabilities of the hydroxyl groups. These results may imply that ZDDPs ligands and those of the transformed materials not only affect ZDDPs decomposition rate in engines, but also the mechanical properties of the resulting anti-wear films.
I. INTRODUCTION
Zinc dialkyldithiophosphates (ZDDP) are widely-used additives in commercial lubricants.
Their decomposition products form films on metal surfaces thereby protecting them from wear. They were first introduced as antioxidants. Despite the fact that ZDDPs have been successfully used since 1940s, their antiwear mechanisms remain a matter of 3 debate [1] [2] [3] [4] . Understanding of the function of ZDDPs at a molecular level would help to develop a second generation of antiwear agents, as usage of ZDDPs has to be significantly reduced in the future, due to poisoning of the catalytic converters by sulfur, phosphorus and zinc.
Much of the earlier research on the antiwear film formation has focused on investigation of the chemical pathways of their formation [3, 4] . Several mechanisms have been suggested previously that slightly differ in the details, but follow one general scheme involving three steps in which chemical changes occur: (i) when in solution, (ii) when on the surface, (iii) when on the surface during rubbing. These are:
The formation of ZDDP-based antiwear films and their action according to the mechanisms given above, depends, among other parameters, on the kinetics of layer formation; e.g. on the decomposition temperature of ZDDP and its concentration in oil, and the type of isomer (neutral, isobutyl, etc.) [8] [9] [10] [11] . The essence of the results of previous experimental investigations of the antiwear efficiency of ZDDP can be summarized thus: less thermally stable ZDDP isomers which decompose more efficiently and/or the occurrence of higher temperatures in the contact zone, will result in more rapid film formation and therefore, better antiwear action.
With the development of nanoindentation techniques, much emphasis has also been placed on the response of the antiwear films to stresses, in particular the correlation of the mechanical properties (modulus and hardness) with film chemistry and structure. Experimental evidence has been provided of dramatic stiffening of the films at elevated pressures (many GPa) which is believed to underlie some of their antiwear properties; this is often called "smart materials behavior". (Smart materials behavior is realized when the material responds to an external stimulus in an unusually strong fashion, e.g., its bulk modulus K, increases with pressure p, not simply in direct proportion to p, but by a large multiple of p, i.e., if dK/dp ≫ 1.) In addition, computational methods have provided completely new insights into how mechanical properties depend on chemical details such as cation coordination and degree of polymerization and hydrogenation [2, 12] . Nanoindentation experiments reported in Ref. 13 for films deposited on a steel substrate have indicated that the elastic modulus of the film increases in the process of indentation. Taken at face value, these results show a fundamental possibility of extraordinary stiffening of the film. However the modelling used an oversimplified two spring model of the film/substrate system for analysis of the experimental data, and this left some room for an alternative explanation of the apparent stiffness increase, i.e. the increasing influence of the stiff substrate during indentation.
Spatially resolved nanoindentation experiments indicated that the antiwear films are stiffer on the tops of the antiwear pads and softer in the valleys [14, 15] . The antiwear pads are assumed to form preferentially at the locations of the original asperities at the sliding interfaces, where the contact pressures and flash temperatures will be highest. These findings were correlated with the observation of long-chain polyphosphate structure on the tops of the pads and short-chain structure in the valleys. It was argued that higher stress and/or temperature on tops of the pads were responsible for the occurrence of longer chain polyphosphates. It was tempting to explain the increased stiffness at these locations, by the presence of structures with an increased phosphate chain length. This link, however, was not firmly established, as the increased linear chain length does not necessarily produce an increased stiffness of the material. In addition, depth resolved spectroscopy of the film indicated short chain structure near the interface metal/film and long chain structure at the surface [6, 16, 17] . Such double layer or gradient structure of the film was also found in thermally produced films formed at a constant reaction temperature, as was shown by IR spectroscopy which was used to monitor phosphate chain length during film growth [18] .
This study indicated that the double layer structure of the film might be just a function of the reaction time/film thickness and occurs due to either the decrease of the concentration of unreacted ZDDP or to the surface specific polymerisation/crystallization kinetics. Support for the latter argument is found in the fact that the short-long chain depth resolved structure of the film can be repeatedly produced, eventually creating four-layered, six-layered (and so on) structures by exchange of an oil lubricant depleted of ZDDP, with a freshly blended ZDDP-oil solution [19] .
The possibility of film stiffening on the tops of the pads was modelled in a set of ab initio simulations involving compression of pure phosphates and zinc phosphates with different Zn/phosphates ratios [2, 20, 21] . Results of the computations indicated that ZDDP films would form more rapidly in the tribological contacts in comparison to films formed under purely thermal activation, because of pressure-induced rapid polymerization of the films. It was argued that the stiffening of the zinc phosphates observed on the tops of the pads could be explained by an irreversible pressure-induced cross-linking of the phosphate units/chains involving an eventual irreversible increase of the coordination of the zinc cation. It was also argued that the reversible coordination change at the cation site could explain the extraordinary stiffening (smart behavior) observed in the earlier nanoindentation experiments [13] .
Subsequent high pressure experiments [12, 22] provided evidence for a reversible pressureinduced cation coordination increase. They also indicated that strong stiffening occurs even without coordination change at the cation site. To be specific, nominal values of dK/dp for regular metals and semiconductors are near five [23] [24] [25] [26] [27] , but are found to be in the range of thirty in simple metal phosphates [12] . Particularly strong stiffening appears in metal phosphates with low cation coordination or/and presence of groups not participating in the network formation. It was argued that the underlying molecular mechanism of extensive pressure-induced stiffening of phosphates is due to suppression of rigid unit modes [28, 29] induced by the displacement of the phosphate groups.
Despite the fact that the mechanism of the stiffening was related to the decrease in the flexibility of rigid unit modes upon compression -with or without change of cation coordination, it remained to be answered if these explanations can be applied to the material making up the antiwear films. Recent experimental and theoretical studies determined the properties of compounds that were chosen as models for the decomposition products of ZDDP, but there is no certainty that these molecules really represent actual compounds present in the transformation of ZDDPs to antiwear film material. For this reason, in the present paper, we present work on thermal films that were formed by heating ZDDP containing poly-α-olefin base oil solutions to 150
• . The chemistry and structure of these films closely correspond to the chemistry of the tribofilms produced in low pressure/shear contacts.
We used diamond anvil cell (DAC) high pressure experiments for determination of the bulk modulus of the antiwear films as an alternative to the previously conducted nanoindentation experiments [13] [14] [15] . The data should be highly complementary, but offer a significant advantage over nanoindentation determination of the modulus. The nanoindentation techniques have proven to be very accurate when determining the properties of a single-phase bulk material, but investigation of the elastic properties of a thin layer always leaves some uncertainty due to the complexity of the indenter/layer/substrate system. This complexity leads to concomitant difficulties/uncertainties connected with it mathematical treatment of the results to filter out the elastic properties of the thin layer from those of the substrate. In contrast to nanoindentation, the determination of the bulk modulus in high pressure anvil cell experiments is done via direct measurement of the pressure-induced decrease of the unit cell volume in the investigated crystalline structure, and can be regarded as one of the most precise techniques to determine the bulk modulus of a specific structure. In addition, X-ray diffraction (XRD) and IR spectroscopy applied in situ (during compression) allow one to investigate the molecular details responsible for the specific elastic behavior.
The remainder of this article will be organized as follows. In section II, we describe how we obtain the thermal decomposition products of ZDDP (thermal films) in form of a powder, and the use of the diamond-anvil cell to compress them. Section III contains the results from high pressure X-ray diffraction and IR spectroscopy experiments using synchrotron radiation. Conclusions are drawn in section IV.
II. METHODS
In this study, samples were exposed to isotropic stresses. During compression, the chemical and crystalline structure were analyzed by means of X-ray diffraction and IR spectroscopy using synchrotron radiation.
A. High pressure equipment and sample preparation
For sample compression, a symmetric piston-cylinder type of DAC equipped with 400 µm culet diamond anvils was used. A few ruby (Cr
were carefully placed inside the gasket sample chamber before the sample was loaded. The pressure was determined from the well known pressure shift of the R 1 ruby fluorescence line (at 694.2 nm under ambient conditions) with an accuracy of ± 0.05 GPa under quasihydrostatic conditions [30] . A custom made Raman spectrometer was used for pressure determination. The spectrometer was calibrated at several absorption lines using diamond and silicon standards to ensure linearity of the wave number scale. Purity of all model phosphates obtained from Aldrich is 99.999% except for ZnH 2 P 2 O 7 hydrate, which was prepared as described in Ref. 31 . The structure of the latter was verified using X-ray diffraction.
A poly-α-olefin base oil and the commercial primary and secondary mixed ZDDP (ECA 6654, 15% n-octyl and 85% iso-butyl, ESSO Petroleum, Canada) were mixed to obtain 1.2 wt.% ZDDP solutions. The resulting solutions where heated at constant temperature of 150
• C for 24 hours in the presence of fine iron powder with average particle diameter of 1 micron. The ZDDP decomposition products created a thin layer around the particles resulting in an increase of the average lateral dimensions of approximately 5 microns. Based on relative volumes, the central iron "core" of the average particle should constitute less than 1% of the volume of the entire particle and hence make a negligible contribution to the mechanical or spectroscopic behavior of the system in the DAC experiments. Particles were then washed 3 times and filtered using hexane solvent. The samples were loaded at room temperature and a relative humidity of 60 -80% as powder, with nominal pressure slightly above ambient using silicone oil as a pressure transmitting medium for the XRD experiments, and KBr for the IR spectroscopy.
In the course of the compression/decompression procedure, the diamond anvil cell was carefully pressurized in small steps and allowed to stabilize for a few minutes after each pressure change before XRD data or IR spectra were taken. Maximum pressure in experiments was set to ≈ 25 GPa at room temperature, and reproduced a few times.
B. Infrared (IR) spectroscopy
Infrared experiments were performed at the U2A beamline at the National Synchrotron Light Source (NSLS) of Brookhaven National Laboratory (BNL). The IR beam was focused onto the sample by a Bruker IR microscope, and then the spectrum was collected in transmission mode by the MCT detector in the spectral range 600-4000 cm −1 . The resolution used in all IR measurements was 4 cm −1 . The thickness of the sample for IR measurement was 35 µm to allow sufficient IR transmission measurements. For all measurements, IR spectra were collected through a 30 × 30 µm 2 aperture. The reference spectrum, i.e., diamond anvil absorption at ambient pressure, was later divided as background from each sample spectrum to obtain the absorbance.
C. X-ray diffraction (XRD)
XRD was used to identify reversible changes induced by increasing pressure, as well as to validate our assumptions on the initial structure of the zinc and calcium phosphate used in the experiments. X-ray diffraction spectra (at 30.55 keV; λ = 0.4066 nm) were collected under isotropic compression at the X17C beam line of the National Synchrotron Light Source at Brookhaven National Laboratory. To collect the spectra, a CCD camera was used, and the exposure time was set equal for all experiments to 400 s. The data were integrated using the Fit2D software and data analysis software such as POWDERCELL.
III. RESULTS

A. Identification of components of the thermal ZDDP decomposition product
The main objective of our study was to identify pressure induced structural transformations in the thermal decomposition product(s) of ZDDP and obtain the associated bulk modulus. As we show in this section, this task can be achieved more reliably if the complex spectroscopic features of the material can be related to model components and then analyzed independently. For this purpose we compared X-ray and IR spectra of thermal decomposition products with spectra of pyrophosphates and orthophosphates which have been previously identified to be reasonably representative of the chemistry of the ZDDP decomposition products and tribofilms [5, 32] Infrared (IR) spectroscopy complements the X-ray diffraction analysis with information about the short range structure of the thermal film. The IR analysis will help to identify vibrational modes of the PO 4 tetrahedra, and OH groups and water molecules present in the film. It is important to remember that infrared absorption in metal phosphates originates mostly from vibrations of the PO 4 tetrahedron. In metal phosphate hydrates we expect to see bands characteristic of water and OH vibrations.
In metal phosphates under investigation, phosphorus always assumes tetrahedral coordination with four oxygen atoms building the PO 4 group. The PO 4 groups can be isolated or interconnected via one of the oxygen atoms (bridging oxygen atom). In a manner similar to the method used to classify silicates and aluminosilicates, the different phosphate tetrahedra can be classified according to their connectivities, Q n , where n is the number of bridging oxygen atoms per one PO 4 unit. In orthophosphates, pyrophosphates and metaphosphates n equals, respectively, 0, 1, and 2 [34] .
Using the previously published assignment of the bands [35, 36] and our X-ray diffraction data, we can further compare the material under current investigation, with phosphate model compounds (see Figure 2) . Infrared spectroscopy supports the X-ray diffraction data in terms of the similarity of the spectroscopic features of the thermal film and the crystalline zinc pyrophosphate hydrate. (see Figure 2 ) and asymmetric ν as (P-O-P) at 920 cm −1 . In addition to these two bands, the which would be detected at 1200 -1260 cm −1 .
The rest of our model compounds are orthophosphates and contain isolated (PO 4 ) 3− ions (Q 0 species) [38] [39] [40] [41] . The latter can be characterized by a stretching band at 1029 cm
attributed to the A g mode of the (PO 4 ) 3− ion according to Frost et al [42] .
In phosphate hydrates the bands at 3542, 3473, 3338 and 3149 cm −1 can be assigned to hydroxyl stretching ν(OH) modes [42, 43] , and the band at 1600 cm −1 is suggestive of the δ(H-O-H) bending mode. Additionally, the sharp band at 3600 cm −1 might indicate that a fraction of the OH groups does not participate in the hydrogen bonding, which indicates the possible presence of hydrogenated zinc (pyro-)phosphates.
Despite the fact that IR spectra indicate the presence of some orthophosphate phase, we will continue our analysis using Zn 2 P 2 O 7 ·2.3H 2 O phase, as the very strong signal of zinc pyrophosphate in both the IR analysis and X-ray diffraction data indicate that the latter phase is dominant in the thermal film.
B. IR spectroscopy during compression
In this section we report infrared spectra of the thermal ZDDP decomposition product at various pressures during both compression and decompression ( Figure 3) . These results will help to identify possible changes in vibrational modes and help to elucidate the details of the short range structure at each compression step.
Upon compression of the thermal film we see that the bands in the range of 740 -1200 cm −1 representing vibrations of the phosphate groups, exhibit a positive shift and a gradual smoothing of the features (Fig. 3) . (By smoothing, we mean the loss of sharp structures in the spectra). In contrast to the modes related to the phosphate groups, OH By contrast, the stretching bands of the OH groups, ν(OH), and bridging oxygen vibrations ν s (P-O-P) and ν as (P-O-P) are suggestive of only two transformations at 7 and ≈ 16 GPa. It is conclusive that (PO 4 ) 3− exhibit a smooth increase in frequency at a decreasing rate with increasing pressure, and there are no associated transitions. This is to be expected as isolated PO 4 groups have already been shown to be stable in the pressure range investigated here [2, 22] . Verification of the transition pressures suggested by the infrared transmission spectroscopy can be done with help of the X-ray diffraction analysis.
C. X-ray diffraction during compression
In this section we report X-ray spectra of the thermal ZDDP decomposition product at various pressures during compression/decompression cycles ( Figure 5 ). The material is compressed and decompressed using three maximum pressures in order to obtain the pressure at which irreversible amorphization occurs. During the first compression, the maximum pressure is ≈ 12 GPa; during next compression p ≈ 18 GPa, and the maximum pressure is
We analyze the spectra for pressure-induced crystal-crystal transformations or amorphization. The spectra shown in Figure 5a indicate slight pressure-induced reduction of the intensity, and a shift of the spectral features to higher diffraction angles, indicating compression of the interplanar spacings. Upon decompression from ≈ 12 Pa the ambient pressure spectra indicate full recovery of the original crystalline structure (Fig. 5a ). There is apparent difference of the ambient pressure spectrum and the spectrum measured at 2.2 GPa, e.g. the splittings at ≈ 6.3
• and ≈ 7.6
• . The origin of these splittings will be discussed below. Otherwise no further dramatic changes of spectral shapes up to the pressure of ≈ 18 GPa were detected (Figure 5b) . By contrast the spectra obtained after decompression from ≈ 18 GPa indicates significant decrease of crystalline-specific intensities. Further compression/decompression to a maximum pressure of ≈ 24 GPa indicates total and irreversible amorphization of the studied material.
In order to elucidate the elastic properties of the thermal film, we use the crystal data for Unit cell is the softest along a as is shows maximum sensitivity to the increased pressure, whereas it is stiffest along c. Low pressure transition is dominated by compression of all unit cell parameters, while the high pressure transition shows most significant change in trend of a,c, and β. Indexing in the monoclinic strucure as explained above shows that the observed difference between the ambient spectrum and spectrum obtained at 2.2 GPa are due to significant monotonic change in the monoclinic angle (see Figure 6b) , and larger stiffness of the unit cell along c direction. Both factors lead to relarively larger shift to higher angles of the reflections (420), (-421), (321), and (-512) and apparent splitting at ≈ 7.6 • , 2.2 GPa (Fig. 5a ). Similar reason is for the splitting at ≈ 6.3
• , the reflections involved include (112), which shifts to lower angles and (-402) shifting to higher angles. These reflections are chosen because of their high sensitivity to the unit cell dimension changes described above. Comparison of the data obtained with IR spectroscopy and X-ray diffraction indicate that there are probably two transition points.
Observation of full recovery of the XRD pattern after decompression from p max = 12 GPa, coupled with the IR observations, leads to the conclusion that the compound undergoes a displacive crystal-crystal transition at about 5 GPa due to instabilities associated with the OH groups. Because of the fact that the OH groups only insignificantly contribute to X-ray scattering, the spectral features measured with X-ray diffraction do not indicate significant changes, rather a discontinuity in the equation of state. It is also evident that the second transition at about 15 GPa might be connected with additional instability involving the OH and pyrophosphate groups (as analysed by IR spectroscopy, see Figure 4 ).
IV. CONCLUSIONS
In our experiments, we observed that the thermal decomposition product of the ZDDP in base oil solution is mainly consistent with Zn 2 P 2 O 7 ·2. in the valleys between the tops of the antiwear pads [14] . Although the Zn 2 P 2 O 7 ·2.3H 2 O is relatively compliant under ambient conditions, it stiffens rapidly under increasing pressure, p, exhibiting stiffening at K ′ (0) = 27 ± 10. In addition, its original crystalline structure becomes thermodynamically unstable at a relatively small pressure p ≈ 5 GPa, at which point it undergoes a reversible displacive crystal-crystal transition due to instability associated with the hydroxyl groups. At a pressure in the vicinity of 15 GPa, the system undergoes an additional transition, possibly connected with instability of both hydroxyl groups and bending modes of the (P 2 O 7 ) 4− anions. Upon further compression above 19 GPa, the system amorphizes irreversibly.
In order to understand the molecular mechanism of stiffening and observed transitions, we wish to remind the reader that the main building blocks in metal phosphates are phosphate units (in Zn 2 P 2 O 7 ·2.3H 2 O there are pyrophosphate groups -two PO 4 tetrahedra sharing one bridging oxygen), which are interconnected at the cation site. The stability of the isolated PO 4 groups in the pressure range investigated here, has been previously verified by high pressure experiments and ab initio calculations [2, 22] (also see IR spectra reported here).
Similarly, IR spectroscopy indicates pressure-induced changes only on the bending modes of the pyrophosphate groups, leaving the PO 4 groups unchanged. Previously [2, 12] , we have argued that there are two sites that can improve interconnection of the phosphates (degree of polymerization or cross-linking), thereby increasing the bulk modulus -the cation site (the cation coordination) and the bridging oxygen site. Increase in the concentration of bridging oxygen sites increases the chain length of the phosphates; however, in order to achieve the effect of stiffening, the interconnected phosphates should form a three dimensional network.
Hydrogenation or hydration of the phosphates counters the interconnection of the phosphate units; i.e. the degree of polymerisation or cross-linking will be reduced, resulting in a decrease of the bulk modulus.
The above arguments can be used to understand differences in the bulk modulus of the metal phosphates at ambient conditions reported earlier [12] , and those described here, as dependent on the degree of "cross-linking". Applying this argument, we can see that that hydration reduces the degree of cross-linking of the phosphates, thereby reducing the bulk modulus from ≈ 90 GPa [12] 
To further understand the mechanism of stiffening upon compression it is worth recollect-ing two facts: (a) the bulk modulus is dominated by repulsive interactions, in particular at high pressures (as one can easily ascertain from calculating the bulk modulus of a LennardJones system); (b) the softest components in a system (or the weakest repulsion between correlated units) mainly determines the compliance of the system. Quick compression of the compliant sites results in rapid increase of the structural confinement of the phosphates which then results in a rapid increase of bulk modulus. Our previously published idea [12] that a phosphate network is destabilized when the free volume corresponding to the ligands and cations is consumed by the compression the network starts to respond with elastic properties of the phosphate units (210 ± 40 GPa [12] ), is also supported by experiments presented here. Namely, the presence of hydroxyl groups makes the whole system become relatively soft. Once pressure reaches a critical value (the network responds with the elastic properties of phosphates) hydroxyls are the sites where the system becomes destabilized in the first place.
In our previous study, the Zn 2 P 2 O 7 ·H 2 O data did not indicate any crystal-crystal transitions [12] , and thus we would argue that in order for such transitions to take place, the unit cell should contain a critical number of compliant sites (in our case hydroxyls), a condition unmet in the monohydrate.
Whether the system undergoes a reversible crystal-crystal transition or amorphizes, depends on what site is responsible for the thermodynamic instability of the unit cell. Our previous experimental data, as well as data shown here, leads us to conclude that instabilities affecting the cation site and bridging oxygen would lead to irreversible pressure-induced transitions such as amorphization. According to experiment, the pressure at which amorphization occurs increases with increasing initial cation coordination. By contrast, the instability on the H or OH sites would lead to displacive crystal-crystal transition, as they do not participate in network formation and these can occur before the pressure required for amorphization is reached.
We believe that the antiwear function of the ZDDP based film is connected with its ability to stiffen rapidly under pressure [12, 13] , because stiffening reduces the effect of inertial confinement, i.e., the substrate can start to deform while interacting with a relatively soft film, which reduces the maximum pressure achieved during the collision of two asperities.
One could argue that one single material, which stiffens under pressure, behaves elastically like a system of various layers with different stiffness, thereby producing what we might term a "helmet effect". We further believe that the dynamical response of the material on the time scale of asperity collision is important in antiwear action, and should be studied.
The origin of the observed smart material behavior can be related to the decrease in the flexibility of rigid unit modes upon compression -with or without change of cation coordination. The smart behavior of the antiwear film appears to be induced due to a low initial bulk modulus in the presence of OH groups and an open network structure. As we found previously, the stiffening under pressure is particularly strong for four-coordinated and hydrogenated metal phosphates, but can also be strong for hydrates, if the concentration of OH groups exceeds a critical value.
With regard to the influence of phosphate hydration, we would like to indicate that our results might deliver new understanding of the increased stiffness of the tribofilms on top of the pads observed earlier [14, 15] . However, given that our conclusion is based on only one parameter (bulk modulus), we wish to emphasize the speculative nature of this statement. It seems as if shear-induced amorphization of the tops of the pads (the film is believed to form preferentially on top of the original asperities present at the sliding interfaces) might induce dehydration of the initially crystalline structure and increase the degree of polymerisation or cross linking of the phosphates with subsequent increase of the film stiffness. Even if shear effects are not directly responsible, energy dissipation would lead to the highest temperatures at the contact points which could also lead to dehydration. Either or both processes could 
